INTRODUCTION
Normal testicular descent (TD) is known to be a complex, multistage process involving the interplay of different anatomical structures, hormones, environmental and genetic factors, but its purpose and the exact etiology of TD impairment remain largely unknown.
1 TD is under hormonal control and hypothalamo-pituitary-gonadal axis integrity is usually a prerequisite for normal TD; however, hormonal deficiencies do not appear to be common causes of TD impairment. 2 Several animal and human studies are underway to test the hypothesis that in utero factors, including environmental and maternal lifestyle factors, may interfere with normal TD. 3 Genetic factors are also thought to cause TD impairment under certain conditions by gene-environment interactions and the overall evidence supports a genetic basis, at least in some cases. 1, 4, 5 The role of several genetic factors, including Insulin-like 3 (INSL3) gene alterations, has recently been evaluated in a large study conducted at our institutions. [6] [7] [8] In line with other studies, it was concluded that known genetic factors are responsible for only a small proportion of TD impairment 3 and that novel candidate factors should be sought. [6] [7] [8] The aim of the present review is to summarize current knowledge on normal TD in the human, including evolutionary aspects and interspecies differences.
TD AND SCROTAL DEVELOPMENT AMONG MAMMALIAN SPECIES: EVOLUTIONARY IMPLICATIONS
TD occurs exclusively in mammals (Theria). 9 However, the degree of TD varies highly and abdominal testes are found in a large number of taxa. Furthermore, genera within mammalian families often exhibit variations in testicular position. [10] [11] [12] Six mammalian orders contain species with internal testes and species with external testes (Marsupialia: kangaroo, etc.; Chiroptera: bats; Rodentia: rats, mice, porcupines, prairie dog, chinchilla, etc.; Carnivora; Perissodactyla (odd-toed ungulates): horses, rhinos, etc.; and Artiodactyla (even-toed ungulates): pigs, hippos, camels, deer, cows, etc.). 12 Mammalian testes position can be generally classified as transabdominal and inguinoscrotal. Each category is further divided into three groups, resulting in a total of six distinct testicular positions: 1) embryonic (no descent from embryonic position); 2) intermediate (partially descended, intra-abdominal position; 3) internal inguinal position; 4) emergent position (some part protrudes through the inguinal ring); 5) beyond the inguinal ring but not within a true scrotum position, and 6) scrotal position (within a true scrotum). 10 TD is developmentally, physiologically and evolutionarily a costly process. 13 Therefore, benefits must be great to outweigh costs. Several hypotheses have been developed to explain TD and scrotal evolution, the most popular of which are: a) the hypothesis of temperature dependency of spermatogenesis; 14 b) the mutation rates hypothesis; 15 c) the display hypothesis; 16 d) the cold storage hypothesis;
17 and e) the training hypothesis.
18,
The oldest and best established hypothesis is that of temperature dependency of spermatogenesis originated by Moore, 14 according to which testes descend into the scrotum because a low-temperature environment is necessary for viable sperm production. Normal spermatogenesis and epididymal storage in many mammalian species require lower than core body temperatures. 10, [19] [20] [21] [22] Abdominal temperatures (35) (36) (37) (38) o C) can hamper spermatogenesis, 20-21 and also have a detrimental effect upon long-term spermatozoa storage in the epididymis. 17 Consequently, most mammals, including humans, have acquired sophisticated anatomical/physiological adaptations, 9 to keep their testes cool (~3-5 o C below core body temperature). This hypothesis has been criticized merely based on the fact that ascrotal mammalian species can still maintain successful sperm production. 10, 17 However, accumulated data show that the vast majority of these species eventually do not have higher testicular temperatures compared to scrotal species. Thus, many ascrotal taxa like seals 23 and Catacea 24 have developed specific mechanisms for cooling their testis (e.g. venous plexuses carrying cool blood to the spermatic arteries), whereas others such as Monotremata 25 need no such mechanisms due to their low core body temperatures. The Hyracoidea and Proboscidea represent an exception as they lack a specific internal thermoregulation mechanism. 26 Nevertheless, hyraxes can control body temperature using behavioral means, 25 whereas elephants are regarded as "immune" to high temperature effects on sperm viability. 26 A modification of the above hypothesis (the mutation rates hypothesis) was proposed by Short 15 according to which the purpose of the evolution of the scrotum and TD was to keep the mutation rate in the male germline under control rather than to ensure normal spermatogenesis. In humans, mutation rates are lower among males than females. 27, 28 This, combined with the fact that elevated temperatures are associated with increased mutation rates, suggests that cooling the testes helps to keep mutation rates at acceptable levels.
20,29
The "display" hypothesis suggested by Portman 16 is based on the assumption that testes descend to a visible position (scrotum) because of their importance in social competition, either as an avantage in female choice of mates or as a signal of dominance in the competition among males. In some taxa, the scrotum is brightly or distinctively colored attracting female attention to the sexual organs. This is the case in primates for example, where the presence of pigmented scrota is associated with breeding systems characterized by intense male-male competition. Although a number of observations are consistent with this hypothesis, its failure to explain the variable location of the testes among ascrotal species combined with the fact that pigmented scrota are not always readily presented (nocturnal animals, furred pigmented scrota) weakens its explanatory power. It is more possible that the scrotum initially evolved for another function and was subsequently retained and coopted as a signaling device by some species (most notably primates) due to their particular sexual behavior systems.
11
The "cold storage" hypothesis was originated by 17 According to this hypothesis, TD into the scrotum (whose primary function is to store sperm in a cool environment) is a secondary phenomenon, subsequent to the epididymal descent (evolutionarily "primary mover" in scrotal evolution). It was pointed out that the sperm storage organ in mammals (usually the epididymis) always precedes TD, descending to the body wall or to a scrotal-like out-pocketing in most species with abdominal testes. 17, 30 However, the main flaw of this hypothesis is the fact that in some ascrotal taxa, the epididymis lies subcutaneously or intra-abdominally (e.g. hyraxes, elephant shrew 31 ).
havi 18 and represents a radically different point of view since it considers the scrotum as a purposely contrast to the ovary. Furthermore, ascrotal animals i.e. reptiles and primary testiconda, such as monotremata, hyraxes and elephants, show either no sign of a gubernaculum at any stage of their development or partial gubernacular development (e.g. Hyrax). On the other hand, secondary testiconda (such as Catacea) present gubernacular primordia already from the onset of their sexual differentiation, which develop further into large masses of dense connective tissue, a finding that supports the notion that the testes of Catacea, in evolutionary terms, had once been scrotal [Catacea are considered descendants of terrestrial mammals (ungulates) with TD].
However, despite extensive work on TD, the matter remains controversial since no unified theory explaining the causes/mechanisms of TD exists as yet. This is probably due to the incorrect/incomplete observations many of the existing theories are based on, the kind of material used (e.g. histo-anatomical studies on autopsy material cannot determine the forces responsible for TD) and mainly the indiscriminate extrapolation of findings in specific animal models among different spiecies. In fact, there is no ideal animal model to study TD due to marked morphological differences among the structures involved. Although it has long been noted that TD should be primarily studied in humans to avoid false analogies drawn from animals, 37 limitations of research on fetal processes in human or even in large mammals (better models for studying TD) account for the ample use of Glires (especially Rodentia: e.g. rats, mice but also Lagomorpha: e.g. rabbits).
Embryology of TD
It was first proposed that TD is a multistage procedure by Gier and Marion in 1969. 38 Later, a biphasic model with two morphologically and hormonally distinct phases was suggested to explain TD in normal human males by Hutson.
39 According to this model, the 1 st (transabdominal) phase of TD (TTD) occurs by the 8 th gestational week (GW), comprising the relative testis movement from its initial posterior abdominal position adjacent to the kidney to the internal inguinal ring and is controlled by a non-androgenic hormone/ factor (possibly Mullerian inhibiting substance, MIS). The 2 nd (inguinoscrotal) phase of TD (ISTD) begins at the 26 th GW and consists of the androgen-dependent hostile environment for sperm rather than an optimized one. The main idea is that TD into the scrotum occurs because spermatozoa must be "trained" for the physiologically rigorous female environment. The physiological basis is that the blood supply to scrotal testes is remarkably poor mainly due to low blood pressure within the testicular arteries. In scrotal mammals these arteries are exceedingly long and convoluted with a very small diameter compared to ascrotal ones that possess straight and short testicular arteries. 32 In addition, higher affinity of hemoglobin for oxygen at below body core (scrotal) temperatures 33 impairs the appropriate supply of oxygen in the testicular tissue. The response to lower oxygen supply is an increase in size, number and efficiency of mitochondria of the maturing spermatocyte in a way similar to that observed in striated muscle cells during anaerobic training, a modification that enables spermatozoa to perform better during active transport in the female reproductive tract (better swimming and/or longer survival of spermatozoa). 34 The main strength of this hypothesis is that it may explain the entire range of variation in testicular position among mammalian species: scrotal testes produce fewer sperm of higher quality, while ascrotal testes produce more sperm of mainly on the basis that testicular blood supply might have been modified with more simple mechanisms compared to the evolution of a complicated system such as scrotal development.
PHYSIOLOGY OF TD IN THE HUMAN
John Hunter published the first important, highly accurate description of TD in humans. In 1786, he described the fetal testis and epididymis in the abdomen and he introduced the term "gubernaculum" (derived from the Latin word meaning helm or rudder) for the caudal ligament of the testis, which he believed to be responsible for steering the testis into the scrotum. 35 Since Hunter's first description, the gubernaculum has been described by many authors and numerous theories have been proposed to explain the cause and mechanism of TD. 36 Although it is not globally accepted that the gubernaculum holds an essential role in TD, the fact that it represents a structure unique to the male fetus offers a convincing explanation for why the fetal testis descends in descent of the testis from the internal inguinal ring to the scrotum. 40 43 Gubernacular caudal enlargement keeps the testis anchored close to the future inguinal region via traction applied through the gubernacular cord, which shortens as it becomes incorporated into the bulb. 44, 45 The net effect is testis tethering near the groin and enablement of future TD, while the kidney migrates cranially during enlargement of the abdominal cavity.
46
ISTD requires a) development of the processus vaginalis, b) prior dilation of the inguinal canal by the bulb and c) some abdominal pressure to force the testis downwards through the canal. The processus vaginalis is a peritoneal herniation which develops as the anterior aspect of the gubernaculum elongates caudally. 43, 47 Eventually, the development of the inguinal canal starts as the processus vaginalis enters the caudal abdominal wall forming an envagination which represents the internal inguinal ring during the 8 th GW. The formation of the processus vaginalis takes place within the gubernaculum to form an annular cavity dividing the latter into a central mesenchymal column and an outer parietal layer. After TD has been completed, the central gubernacular column regresses, leaving behind a fibrous testo-scrotal attachment. 9 The cremaster muscle develops within the outer parietal layer of the gubernaculum, forming a strip of muscle 48 which is attached to the inguinal abdominal wall. The gubernaculum is innervated by the genital branch of the genitofemoral nerve (GFN). 49 The distal gubernacular end in humans is free with no firm scrotal attachment, 40,50 strong evidence against the concept that the testis is "pulled" by the gubernaculum down to the scrotum. 40, 41 The force probably derives from the inta-abdominal pressure (Gier and Marion, 1969) 42,51,52 transmitted directly or indirectly to the testis via the lumen of the processus vaginalis and the gubernacular cord, respectively.
53

Transabdominal phase of TD
Regression of the CSL under the influence of androgens
The CSL is a muscular structure derived from the mesonephric mesenchyme with a cord-like appearance, which borders the mesonephric mesentery cranially, attaching the ovary and genital duct to the craniolateral surface of the dorsal abdominal wall, near the ventral aspect of the last rib. The primordium of the CSL is present in both sexes and prevention of the fetal CSL outgrowth is an androgen-dependent process.
54-56
Males prenatally exposed to antiandrogens show CSL development in a female-like fashion, while prenatal exposure of females to androgens prevents CSL development. 56, 57 Similarily, patients with complete or partial androgen insensitivity syndrome (CAIS/ PAIS) preserve the CSL.
58,59
Whether or not CSL regression is the key factor in TD is disputed. CSL regression is probably a prerequisite for TD. 60 However, it has been shown that CSL regression alone is insufficient to cause gonadal descent (46XX individuals exposed prenatally to androgens retained ovaries in a normal position).
61
TTD does not seem to be interrupted in cases with CSL retention in testicular feminization (Tfm) in mice (testes descended at the internal inguinal ring) nor in patients with CAIS/PAIS (testes descended at the internal inguinal ring or beyond). 59 However, bilateral intra-abdominal testes associated with a bilaterally retained CSL have been described in the dog. 54 Furthermore, the CSL is retained in testicular feminization in rats, which exhibit intra-abdominal, respectively, suggesting that CSL retention possibly has a role in TTD of the rat. 56 Nevertheless, it is generally agreed that the role of the CSL in TD is limited in at least some species.
53,56,62
The "gubernacular swelling reaction"
Caudal enlargement of the gubernaculum during TTD is known as the "gubernacular swelling reaction" (GSR). 43 GSR is caused by rapid cell proliferation and deposition of significant amounts of extracellular drogen impact upon gubernacular cell proliferation yielded inconsistent results. [82] [83] [84] [85] This is probably due to anatomical/structural differences of gubernaculae among species (e.g. the porcine gubernaculum consists exclusively of mesenchymal cells, in contrast to the gubernaculum of the rat that possesses a muscular outer layer, an anatomical equivalent of the porcine cremaster muscle).
Evidence against a significant role of MIS in TTD According to Hutson's biphasic model, the nonandrogenic hormone that regulates GSR/TTD is possibly MIS. 39 The concept is based on experiments showing that exogenous estrogens in the fetal mouse cause Mullerian ducts retention, 86 GSR inhibition 87, 88 and complete TTD blockage, 89 which is not reversed by simultaneous exogenous exposure to androgens.
90
These results led to the hypothesis that estrogens have a primary effect of inhibiting Mullerian duct regression and a second primary effect of inhibiting GSR/ TTD, not by suppressing androgen secretion as it had been postulated previously 45 but via suppression of a possible MIS effect on the gubernaculum.
89-91 MIS was further investigated because in patients with persistent Mullerian duct syndrome (PMDS), both of cases 92 and the gubernaculum is feminine-like, i.e. thin and elongated. 93 However, there is strong evidence against a significant role of MIS in GSR/TTD. Normal TD occurs in fetal rabbits immunized against bovine MIS despite complete or partial retention of the Mullerian ducts. 94 In addition, semipurified bovine MIS failed to induce in vitro DNA synthesis and cell division of cultured fibroblasts from the fetal porcine gubernaculum, 83 while MIS appears to have minimal proliferative action on rat gubernacular cells in vitro due to a weak expression of MIS II receptors. 84 Furthermore, mice homozygous for targeted mutations in the MIS/MIS II receptor genes present with normally descended testes and normal GSR, while ovarian descent is not observed in transgenic femal mice overexpressing MIS.
95-97 However, male homozygous Tfm/MIS double mutant mice are pseudohermaphrodite with severely impaired TTD, although the Tfm and MIS mutants taken individually do not demonstrate impaired TTD. 96 matrix consisting mainly of hydrophilic molecules (glycosaminoglycans and hyaluronic acid). These molecules are probably responsible for the increase in water within the matrix that makes the end of the gubernaculum bulky and gelatinous similar to the Wharton's jelly found in the umbilical cord.
40,63-65 GSR has been closely linked to TTD. 44 Development of a male-like gubernaculum and partial ovarian descent in a) bovine freemartin (a female fetus exposed to hormonal influence of the testes from male twins due to fusion of chorionic blood circulations soon after implantation) 66 ,67 and b) in female rabbit fetuses that received fetal testis graft 68 demonstrated participation of a fetal testicular factor in gubernacular development/TD. The testicular hormone/factor promoting TTD via gubernacular outgrowth remained unknown for decades, receiving names such as "factor X" 69 and "third hormone".
67
Evidence against androgenic control of TTD There is strong evidence that GSR/TTD is not under androgenic control in a great number of mammalian species. AR-positive cells were identified in the gubernacular mesenchymal core both in rats 70, 71 and pigs. 72 However, in the rat, gubernacular AR decrease dramatically from fetal to postnatal development 70 showing maximal expression between 18-21 pcd, 71 namely after the completion of GSR in this species. On the other hand, AR receptor binding affinity in the gubernaculums of the pig is lower than in other known androgen-sensitive target tissues such as the prostate. 72 Clinical examples supporting this theory include patients with CAIS/PAIS who have bilateral TD impairmnet. In the majority of cases, testes are palpable bilaterally in the labioscrotal folds or inguinal regions of such patients. 59 In addition, there is a great number of experimental studies supporting this hypothesis. In the fetal pig, raccoon, dog and mouse with testicular feminization syndrome, GSR/ TTD remains normal. 74, 75 Furthermore, GSR/TTD is not impaired after exposure of monkeys, rats, mice and rabbits prenatally or dogs postnatally to cyproterone [76] [77] [78] or rats prenatally to flutamide. 79 In addition, androgens injected into rat or pig fail to stimulate GSR in female fetuses, 44 while androgen replacemet after orchidectomy does not prevent gubernacular atrophy in the fetal dog. 80, 81 However, in vitro studies of an-This fact might imply that there is an as yet unknown mechanism via which androgen may regulate MIS activity in the gubernaculum, or vice versa, to govern TTD. 98 A further argument against the proposed MIS role in GSR/TTD is that persistence of Mullerian ducts is rarely seen in patients with inta-abdominal testes, 86 while the intra-abdominal testicular location in PMDS has been suggested as being due to a testicular anatomic connection with the Mullerian ducts (anatomic blockade of TD by the persistent ducts 62 rather than due to the absence of GSR.
59,99,100
The role of INSL3 in TTD
In an in vitro study on the proliferation of fetal pig gubernacular cells, 83 it was found that the extract from fetal porcine testis during TTD contained a low molecular weight (<3.5 kD) fraction to which gubernacular cells responded. It was suggested that this bioactive fraction probably contained the factor(s) promoting TD. A number of known polypeptide growth factors (epidermal growth factor, insulin, fibroblast growth testicular hormones tested (androgens, MIS, inhibin) showed only subtle stimulatory activity on gubernacular cells and were therefore excluded as putative TTD regulators. The above unknown factor received the name "descendin" and later it was proposed that it is a novel hormonal peptide secreted by fetal testicular cells, which was named "gubernaculotropin". 85 on gene knock-out mice studies, 101,102 a hormone with "descendin"/"gubernaculotropin"-like activity was detected and named "Insl3". The Insl3 gene product, also known as Leydig cell insuline-like hormone or relaxin-like factor, is a member of the insulin peptide hormone superfamily 103, 104 and is composed of an A during the active peptide maturation.
103
The Insl3 gene is maximally expressed in both fetal and mature adult-type Leydig cells, whereas it is only weakly expressed in prepubertal immature Leydig cells and the ovary (with an exception being the ruminant ovary that exhibits a very high degree of expression). 104, 105 Insl3 transcripts are found in the developing testis of all mammalian species 106 but not in the gubernacular bulb or in other neighboring tissues. 101 They are first detected at 13.5 pcd in Leydig cells (exclusive source in the testis) 105 and remain constant through the 3 rd postnatal week when increases are observed coincident with the first wave of spermatogenesis/germ cell maturation reaching their highest level in the adult testis. 106 In contrast, in females, transcripts are first detected at post-natal day 6 in theca cells of small antral follicles (expression is correlated with the selection of follicles to become preovulatory and in a lesser degree in the luteal ovarian cells. 107 It was shown that Insl3 -/-male mice are viable but sterile, exhibiting bilateral intra-abdominal testes due to gubernacular developmental abnormalities, resembling the structure of the wild type females, which is characterized by the appearance of a flat thin bulb, elongated cord, absence of normal structural organization into outer (myoblasts)-inner (mesenchymal) layers and presence of some muscular development but absence of the mesenchymal core. 101, 102, 108 Apart from the gubernacular structure/ testicular position, the rest of the genital tract, CSL regression, sexual behavior and serum testosterone levels appear normal. These results indicate that Insl3 stimulates outgrowth/differentiation of gubernacular primordium in an androgen-independent way in male mice, while androgen-mediated CSL regression is Insl3-independent. 101, 102 In vitro studies of an Insl3 and androgens effect upon rat gubernacular proliferation activity suggest that both are required for induction of gubernacular development/differentiation. 82,86 However, there is strong evidence that in vivo Insl3-mediated activity upon the gubernaculum is androgen-independent. [109] [110] This is supported by transgenic mice results with overexpressing active Insl3 in the pancreas during prenatal and postnatal development of female and male Insl3 -/-mice. Expression of the transgenic allele in Insl3-deficient mice remedies TD descent in male mutants. On the other hand, all transgenic females display bilateral inguinal hernias/descended ovaries over the bladder (attached to the abdominal wall via the well-developed CSL and the gubernaculum) due to Insl3-induced gubernacular development. Administration of dehydrotestosterone during prenatal development suppresses formation of the CSL allowing the ovaries to further descend into the processus vaginalis.
A critical aspect concerning INSL3 function and underlying molecular mechanisms governing human gubernacular differentiation is the identification of a corresponding receptor. INSL3 appears to govern TTD by controlling differentiation of the gubernaculum, an action mediated by the leucine-rich repeat-containing G-protein-coupled receptor 8 (LGR8). 111 It has been shown that INSL3 activates LGR8 receptors through the adenylate cyclase pathway in the gubernaculum, leading to gubernacular cell proliferation. 111 The INSL3-LGR8 system also appears to play a role in fertility via a paracrine action in the testis, that is, INSL3 biosynthesis by Leydig cells stimulates LGR8 expressed in meiotic spermatogenic cells to suppress germ cell apoptosis. 112 The human INSL3 gene maps to chromosome 19p13.2-p12 consisting of two exons: exon 1 encodes for a signal peptide (present in the preproprotein), peptide; exon 2 encodes for the rest of the C-peptide and the A chain.
113 Insl3 appears to be necessary for the development of the gubernacular mesenchymal component (the predominat muco-polysacharide structure in the human, dog and pig gubernaculum). In contrast, the gubernaculum of rodents is mainly composed of cremasteric muscle with a mesenchymal core. However, Insl3 does not seem to play a significant role in the development of the cremaster, the thickness of which appears to be both MIS-and estrogen-dependent. Several studies in humans have investigated the possibility that genetic alterations of the INSL3 gene are implicated etiologically in TD impairment; however, most of them have failed to indicate such an association. 8 An overview of the detected alterations is shown in Figure 1 . 8, [115] [116] [117] [118] At least nine genetic alterations have been detected both in patients and controls (neutral synonymous single nucleotide polymorphisms 8, [115] [116] [117] [118] or non-synonymous single nucleotide polymorphisms, 8, [115] [116] [117] [118] isolated or in combination affecting almost exclusively exon 1). In addition, 12 mutations (genetic alterations seen exclusively in patients; missense point mutations affecting almost exclusively exon 2 and a nonsense mutation), all in the heterozygous state, have been detected. 117, 118 The cumulated incidence of INSL3 gene mutations in cases with TD impairment compared to normal controls is reported to be statistically significant but relatively [119] [120] [121] The difference is insignificant between bilateral/unilateral cases. 121 There is no definite evidence of a causal role for many of them, but they undoubtedly represent the first description of human genetic alterations related specifically to TD impairment.
121
In adition, INSL3 levels have been correlated with the risk of TD impairment in humans. 3, 122 Presence of INSL3 in male cord blood suggests presence of the hormone along with testosterone during scrotal descent. Reduced INSL3 levels in cord blood and increased LH/INSL3 ratio at 3 months of age were detected in boys with TD impairment compared to -paired Leydig cell function already in early postnatal life in cases with TD impairment. However, the findings cannot establish whether reduced INSL3 levels have any causal influence on the position of the testes in the affected boys, or if reduced levels are merely a consequence of TD impairment. In any case, reduced INSL3 levels in perinatal life could reflect reduced levels during embryogenesis and a concomitant delay of the entire TD process, the result being descent of the testis postnatally or persistent TD impairment.
Investigators have also focused on the potential role of genetic alterations of the human LGR8 gene in TD impairment. The cumulative frequency of muta- 123 Studies have mainly focused on one specific screening site, namely the T222P variant located in exon 8 resulting in an A-to-C nucleotide change at position 664. 124 This is a missence mutation, the only one detected to date, that was first described in a French patient (heterozygote) having both testes located in the inguinal canal on the external ring. 124 According to human in vitro data, this mutation reduces LGR8 expression on the cell surface membrane, 125 which may cause TD impairment. The findings are supported by some muta tion screening studies in Italian men, 125, 126 but could not be further confirmed in other studies on Italian, 127 Spanish, 126 Hungarian, 127 Finnish, 128 Egyptian, 127 Moroccan, 129 American or Japanese patients, leading to the notion that mutations involving this gene do not represent a frequent cause of TD impairment and that the phenotype may be dependent on the
Inguinoscrotal phase of TD
The role of abdominal pressure and the gubernaculum
ISTD is currently thought to be regulated by a combination of mechanical and hormonal factors. It is hypothesized that the abdominal pressure caused by visceral growth 52 combined with putative gubernacular morphological and compositional changes compose a force pushing down the testes through the inguinal canal. Conditions that result in TD impairment hypothetically associated with decreased abdominal pressure include prune-belly syndrome, cloacal exstrophy, omphalocele, gastroschisis and a number of syndromes that incorporate both TD impairment and congenital abdominal wall muscular defects/agenesis. 130, 131 Abdominal pressure probably has an ancillary role in TTD, playing thereafter a more significant role during ISTD. 132 Androgens may also play a part at this stage of development.
52
It has been experimentally demonstrated that in the presence of androgen, silicone prosthesis descends from the abdomen into the scrotum but this occurs less frequently when androgen is removed.
The role of the gubernaculum in ISTD remains controversial. Regression of the bulky bulb, which is particularly prominent in the pig, was thought to be sufficient to allow the testis to reach the scrotum. 44 A significant active migratory phase in humans 41 and rodents 133 has been shown, although this is disputed by some authors supporting the central role of involution and eversion of the gubernacular. 42,51, 134 Recently it has been suggested that the gubernacular bulb proliferates actively in rodents after birth and possibly differentiates into new cremaster muscle cells. 135 On the other hand, in the human, 136 gubernacular connective tissue undergoes extensive remodelling during TD leading to final gubernacular transformation into an essentially fibrous structure rich in collagen/elastic fibers. Such changes decrease gubernacular size and thus contribute together with other forces to testis movement towards the scrotum. Active contraction of the human gubernaculum is less likely to occur due to lack of smooth muscle cells and the limited amount of striated muscle cells.
ISTD is androgen-dependent
It is generally agreed that ISTD is androgen-dependent. 9 ,43,86 Gubernacular migration beyond the inguinal region is absent in gonadotropin-deficient animals 137 as well as in both Tfm animals and humans with complete androgen resistance. 57 Furthermore, exhibit deraranged gubernacular migration and delayed regression. [138] [139] [140] [141] [142] Regression of the gubernacular bulb appears to be androgen-dependent since in humans with complete androgen resistance the gubernaculum remains enlarged, with failure of extracellular matrix resorption.
91, 134 The mechanism (direct or indirect) of androgenic action on the gubernaculum is controversial. It seems quite possible that androgens act indirectly 7 on the gubernaculum to mediate ISTD. AR localization studies in humans have demonstrated the presence of the receptor in the cremaster muscle but not in the gubernaculum. 143 However, these studies have been performed on postnatal tissues only and it is not clear whether the AR is expressed in the gubernaculum or cremaster muscle at the time of human ISTD. ARs have been detected in cultured porcine gubernacular fibroblasts 144 but the total concentration and receptor binding affinity/capacity of the above ARs have been reported to be significantly lower than in recognized androgen target organs such as the prostate and urethra, comparable to that of male or feminine striated muscle. 71, 145 to remain constant throughout gestation in the porcine gubernaculum at levels lower than those seen in the prostate/urethra. 146 The AR level of expression at the mesenchymal core of the rat gubernaculum declines during ISTD. 71 The total amount of specific androgen bound in the neonatal rat gubernaculum is reported sinus. 147 
The GFN hypothesis
According to this hypothesis, androgens act primarily on the GFN nuclei in the central nervous system rather than directly on the gubernaculum. As a result, the GFN releases a neurotransmitter [suggested as being the calcitonin gene-related peptide (CGRP)] that acts as a second messenger of androgenic stimulation upon the gubernaculum to mediate ISTD. 148 The hypothesis, originated in 1948 by Lewis, 149 who prevented TD in newborn rats by GFN transection while testing the "traction theory", supported the notion that cremaster muscle traction pulls the testis into the scrotum. 149 The idea was that since the cremaster receives GFN fibers, nerve transection would paralyze the muscle thereby preventing TD. However, many workers were critical of this concept believing that cremaster contraction pulls the testis up to the groin rather down to the scrotum. Nevertheless, an intriguing finding was that denervation blocks an androgen-dependent process, leading to the speculation that androgens act prenatally via GFN. 148 Indeed, AR expression has been demonstrated at the lumbar spinal cord of the rat fetus as early as at 15 days of gestation. 150 Studies with antiandrogens confirm that ISTD, although occurring postnatally in rodents, can only be blocked prenatally. 79, 138, [140] [141] [142] The GFN hypothesis is consistent with the results of distal transection of the gubernaculum in neonatal rats that prevents gubernacular postnatal migration/ ISTD, while proximal transection preserving the gubernacular nerve supply fails to block ISTD. [151] [152] [153] Furthermore, this hypothesis predicts that neuronal anomalies affecting the GFN nucleus should be associated with TD impairment. This is in fact the case among children with spina bifida, particularly when the myelomeningocele is in the high lumbar region (above L4; the origin of GFN). 154 A similar result can be obtained by neonatal rat spinal cord transection at the level of the low thoracic-high lumbar region, Although the role of the GFN/CGRP in TD has been well established in rodents, [152] [153] [154] [155] [156] [157] this is not the case in humans.
43,62 CGRP acts on the muscular component of a rodent's developing gubernaculum, 155, 156 which is primarily cremasteric muscle. 62 The human gubernaculum consists mostly of mucopolysacharides without containing almost any muscular component, a proposed target for CGRP action. 65, 136 However, this observation tends not to assign to CGRP a significant role in human TD.
43,62 Furthermore, there is no evidence that CGRP gene mutations are involved in human TD impairment.
158
The exact primary GFN target location of androgens is thus far unknown. Early studies evaluated the hypothesis that the motor GFN nucleus (L1-L2) represents the primary target organ of circulating androgens. 56, 138, 146, 159, 160 This nucleus is sexually dimorphic in rodents but cell number sexual dimorphism is lost after flutamide treatment in newborn rats, despite the fact that antiandrogens cause a minor decrease in its cell content.
159,160 This may be due to an increase of the number of cell bodies in females rather than to a significant loss of cell bodies in males as has been proposed. 138 Furthermore, androgens have no effect on the nucleus since in rats 106 and mice 161 with testicular feminization, nucleus size is similar to that of normal animals, while rat GFN motoneurons lack CGRP immunoreactivity.
162,163 Dense CGRP immunoreactive varicose fibres surrounding GFN motoneuron cells have been described in male but not in female rats. 162 Recently it has been shown that the rat GFN sensory nucleus (L1-L2 dorsal root ganglia) is also sexually dimorphic. 164 Flutamide decreases the number of cells both in male and female rats, but a significant decrease of the CGRP immunoreactive cells is detected only in males. 164 Furthermore, in mutant trans-scrotal rats (TS; a natural model of TD impairment), the sensory GFN nucleus ipsilateral to the maldescended testis contains significantly more CGRP immunoreactive cells compared to the contralateral normally descended testis. 165 It has been hypothesized that TD impairment in this strain may be due to a primary CGRP receptor defect and that the increased number of CGRP immunoreactive cells represents an insufficient the GFN hypothesis has been modified to include a possible role of circulating androgens acting on the sensory instead of the motor GFN nucleus as previously thought. 164 Finally, quite recent preliminary evidence suggests a role for the mammary line in triggering ISTD with possible trophic stimulation of the GFN to produce CGRP. 166 According to this novel hypothesis, the mammary line may also be involved in the initiation of migration as follows. Testicular testosterone acts on AR in the subcutaneous mesenchyme of the mammary line, immediately superficial to the gubernaculum. Mesenchymal AR stimulation causes production of a neurotropin, which is taken up by the GFN sensory fibers and masculinizes the nerve. The GFN then produces CGRP, which is released from the sensory nerve endings with, as an overall result, the migration of the gubernaculum to the scrotum.
INSL3 -testosterone interplay in TD regulation
The widely used biphasic TD description has evolved to the belief that INSL3 and testosterone regulates TTD and ISTD, respectively. However, emerging evidence of a more complex regulation with INSL3 involvement in all aspects of gubernacular reorganization supports the idea that phasial division may be arbitrary and that the concept of distinct phasial hormonal regulation may represent an oversimplification. 3 Experiments in rodents suggest high interconnectivity between INSL3, testosterone and their receptors. INSL3 receptor ablation in mice results in pronounced apoptosis of androgen-receptor-positive cells within the cranial part of the gubernaculum and diminished gubernacular swelling reaction. 167 Experiments in LH-receptor-knockout mice show that testosterone treatment upregulates INSL3 receptor expression in the gubernaculum/cremaster muscle in an androgen-receptor-dependent fashion. 168 Presence of both INSL3 and testosterone are necessary for reorganization of the gubernaculum, and addition of an INSL3 receptor antagonist curtails testosteroneinduced ISTD. 168 In addition, testosterone has been shown to stimulate INSL3 expression in a human Leydig cell line. 169 These data suggest that during TTD and ISTD, the INSL3-testosterone-receptors interplay is closer than initially supposed. The significance of this interplay in humans needs further clarification. 
